Determinations of estradiol (E2), progesterone (Prg), luteinizing hormone (LH), follicle-stimulating hormone (FSH), and prolactin (Prol) levels are indispensable in functional evaluations of the hypothalamo-pituitary-gonadal axis. The measurement of these serum concentrations requires assays with robust analytical performance \[[@B1][@B2]\]. Notably, the precise and accurate measurement of both steroid and peptide hormones is technically demanding, and the availability of gold-standard methods such as mass spectrometry remains limited to a few reference laboratories \[[@B3][@B4]\]. On the contrary, platform immunoassays-although rapid, automatable, and easy to perform-have inadequate specificity, sensitivity, and precision. Therefore, the results provided by various laboratories are often difficult to compare, which considerably narrows their clinical usability. This limitation is further compounded by differences in the reference intervals provided by assay manufacturers.

To facilitate the comparability of parameters useful in the assessment of hypothalamo-pituitary-gonadal axis function, we established reference intervals for E2, Prg, LH, FSH, and Prol with two widely used immunoassay platforms: Advia Centaur and Immulite 2000XP (both from Siemens Healthcare, Eschborn, Germany). The results document discrepancies in the reference intervals provided by the manufacturer that may be relevant to the correct interpretation of laboratory results. Our study underscores the importance of adhering to guidelines and using clear-cut selection criteria when assembling and analyzing populations to establish endocrine reference intervals.

Serum samples were collected from 549 subjects (96% Caucasians of European descent) from whom informed consent had been obtained. Women (n=226) of reproductive age (25-44 yr) were recruited at the Reproductive Medicine Unit at the University Hospital Münster, Germany in 2013 and 2014. They were anamnestically free of acute or chronic inflammatory, infectious, hematooncologic, metabolic (including diabetes mellitus), and other diseases, had regular menstrual cycles (25-35 days with \<4 days of variation from cycle to cycle), and had not been using hormonal contraceptives or other regular medications for at least three months. Their status as healthy was confirmed with corporal examination and standard laboratory procedures. The follicular and luteal phases were defined as days 3-5 and 21-23 after the onset of menstruation, respectively. Men (n=220, aged 20-68 yr) and postmenopausal women (n=103, aged 49-66 yr) were recruited from voluntary donors at the University Hospital Münster blood bank. These subjects were free of acute or chronic inflammatory, infectious, hematooncologic, metabolic (including diabetes mellitus), and other diseases by anamnestic, corporal, and laboratory examination, and they had not taken regular medications for at least six months. The postmenopausal phase was defined as spontaneous amenorrhea for at least 12 months. Blood samples were collected in the morning (0800-1200) and centrifuged, and the sera were frozen at -80℃. All samples were analyzed in parallel on the Advia Centaur and Immulite 2000XP platforms in a single run.

Data was analyzed according to CLSI EP28-A3c \[[@B5]\]. Distribution of normality was assessed with the Kolmogorov-Smirnov test. Non-normally distributed parameters were analyzed after logarithmic transformation. The Tukey test or Dixon range statistic \[[@B6]\] was used to identify outliers in groups with normal or non-normal distributions, respectively. When necessary, the appropriateness of partitioning of the study population into subgroups was assessed by using the proportion criteria suggested by Lahti et al. \[[@B7]\]. Reference intervals for combined subgroups were considered unreliable if \>4.1% or \<0.9% of a subgroup fell outside the upper or lower limits, respectively, of a combined reference interval. Concentrations below the limit of detection (LOD) were ascribed the value of half the LOD. Parametric or robust methods were used for n \>120 or 40 \<n \<120 reference groups, respectively, with normal distribution. A non-parametric method was used for reference groups with non-normal distribution.

The 2.5th and 97.5th percentiles were used to form reference limits with 90% confidence intervals. No lower reference limits were reported if the 2.5th percentile fell below the LOD. Passing-Bablok regression analysis with the Cusum test for linearity was used for method comparison \[[@B8]\]. The Mann-Whitney U test (two-sided) was used to compare mean values in the examined groups. Statistical analysis was performed with MedCalc Statistical Software (MedCalc 13.0 Software bvba, Ostend, Belgium).

The comparison of results obtained with the Advia Centaur and Immulite 2000XP platforms with Passing-Bablok regression revealed linear relationships without significant deviations for all parameters tested in the present study (not shown). The reference intervals for gonadotropins established with the two platforms tested showed good agreement with the normal ranges quoted by Siemens ([Table 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}) and other major assay manufacturers (Roche Cobas, Abbott Architect, and Axsym, not shown). This result is concordant with the less pronounced cross-method discrepancies observed for peptide hormones \[[@B9][@B10]\] and may be attributable to the widespread availability of international standards.

However, we observed substantial alterations in Prol levels throughout the menstrual cycle ([Fig. 1](#F1){ref-type="fig"}, [Table 1](#T1){ref-type="table"}) with upper limits in the luteal phase that were higher than those in the follicular phase and upper limits in both phases that were higher than those in postmenopausal women. Moreover, the proportion of Prol values in the luteal phase that fell outside the upper limit of combined reference intervals for both phases exceeded 4.1% for both the Advia Centaur and the Immulite 2000XP platforms, which justifies the partitioning of Prol into subgroups in women of reproductive age based on menstrual cycle phase.

The modulatory effect of sex hormones on pituitary Prol secretion is well known, and the variability of Prol reference ranges depending on cycle phase was reported in a previous study \[[@B11]\]. Despite this variability, most manufacturers continue to provide combined Prol reference values for the follicular and luteal phases (Siemens) or even for the follicular, luteal, and postmenopausal phases (Siemens, Roche, Abbott), which may result in the misdiagnosis of mild functional hyperprolactinemia in healthy women. The present findings strongly suggest that applying specific reference intervals for each phase of the menstrual cycle may aid the correct interpretation of plasma Prol levels in female patients and is more appropriate than using common reference ranges for each sex.

Compared with those for peptide hormones, the reference intervals for sex steroids established herein deviated more from those provided by platform assay manufacturers. In particular, the upper limit for E2 in the follicular phase was almost a half that quoted by Siemens for the Advia Centaur and Immulite 2000XP platforms. Although the reason for this discrepancy remains unknown, we hypothesize that it is related to the rigorous definition of the follicular phase, which was consistently set to days 3-5 after menstruation onset in the present study. A more liberal inclusion criterion-as apparently specified by the major assay providers-could lead to the inclusion of female subjects at later stages of the follicular phase, skewing the reference intervals for E2 toward higher values.

Some limitations of the present study must be acknowledged. First, 96% of the included subjects were Caucasians of European descent. This makeup limits the applicability of the established reference intervals to populations with other ethnic backgrounds. Second, we were able to recruit only a limited number of women in the luteal phase for the study. Therefore, our recommendation to partition Prol ranges in reproductive-age women into subgroups based on menstrual cycle phase must be re-evaluated in a larger and more representative cohort.

In conclusion, our findings emphasize the cycle dependency and association with menopausal status of Prol levels in plasma and suggest that reference intervals for Prol should be not only gender-specific but also given according to the cycle phase. In addition, these findings underscore the importance of defining precise selection criteria when assembling populations to establish endocrine reference intervals.
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![Distribution of prolactin in the examined population. Prolactin was determined in apparently healthy male (N=220) and female subjects (N=329; 139 in the follicular phase, 87 in the luteal phase, and 103 postmenopausal). Box-Whisker plots show the distribution of prolactin values as measured with the Advia Centaur (Siemens Healthcare) or Immulite 2000XP (Siemens Healthcare) platforms. Middle lines represent medians. The central box represents the values from the lower to upper quartile. Outliers were identified and disregarded as indicated in the text. Significances were calculated with the Mann-Whitney test.](alm-36-55-g001){#F1}

###### Reference intervals for sex hormones determined with the Advia Centaur system

![](alm-36-55-i001)

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                Follitropin (mU/mL)   Lutropin (mU/mL)   Estradiol (pg/mL)   Progesterone (ng/mL)   Prolactin (ng/mL)                                                                                                          
  ----------------------------- --------------------- ------------------ ------------------- ---------------------- ------------------- ----------- ----------- ----------- ---------- ----------- ------- ----------- ----------- ----------- -----------
  Present study                                                                                                                                                                                                                                

   Male (N = 220)               3.30\                 1.32\              9.18\               3.81\                  1.83\               7.65\       21.1\       \-          \<41.33\   0.42\       \-      \<0.86\     6.5\        2.73\       15.1\
                                3.11-3.62             1.20-1.46          8.33-10.1           3.59-4.00              1.70-1.96           7.13-8.22   20.2-23.1               7.3-45.6   0.39-0.45           0.76-1.04   5.90-6.90   2.50-2.97   14.1-16.7

   Follicular phase (N = 139)   7.58\                 4.07\              12.9\               5.00\                  2.18\               10.6\       38.1\       \-          \<82.7\    0.47\               \<1.03\     12.5\       3.88\       40.1\
                                7.05-7.80             3.77-4.31          12.1-14.0           4.50-5.52              1.97-2.41           9.59-11.7   35.0-41.3               72.0-106   0.43-0.58           0.93-1.08   11.2-13.6   3.35-4.48   34.7-46.4

   Luteal phase (N = 87)        4.11\                 1.70\              9.46\               4.94\                  1.15\               20.9\       109\        38.9\       296\       9.26\       1.14\   20.6\       16.5\       4.65\       50.9\
                                3.40-4.61             1.50-1.92          8.17-10.9           4.10-6.02              0.93-1.44           16.7-25.7   96.4-119    32.9-46.2   254-339    8.86-10.7   -       -           13.5-19.0   3.56-6.15   41.1-68.5

   Postmenopausal (N = 103)     87.1\                 44.6\              167\                32.6\                  18.0\               64.2\       9.50\       \-          \< 21.5\   0.17\       \-      \<0.60\     5.6\        2.64\       11.6\
                                79.6-91.1             40.3-49.8          150-185             29.6-35.3              16.4-19.8           58.7-70.7   -                       15.2-8.1   0.07-0.20           0.42-0.80   5.11-6.10   2.36-2.97   10.5-12.9

  Manufacturer specifications                                                                                                                                                                                                                  

   Male                         4.5\                  1.4                18.1                2.8\                   1.5                 9.3         24.8\       \-          39.8       0.54\       0.28    1.22        7.0\        2.11        17.7
                                (N = 117)                                                    (N = 59)                                               (N = 100)                          (N = 80)                        (N=139)                 

   Follicular phase             5.6\                  2.5                10.2                4.4\                   1.9                 12.5        51.8\       19.5        144.2      0.43\       \-                  9.6\        2.8         29.2
                                (N = 95)                                                     (N = 119)                                              (N = 196)                          (N = 47)                        (N = 202)               

   Luteal phase                 2.9\                  1.5                9.1                 2.8\                   0.5                 16.9        87.6\       55.8        214.2      12.74\      3.34                                        
                                (N = 99)                                                     (N = 105)                                              (N = 186)                          (N = 84)                                                

   Postmenopausal               64.3\                 23                 116                 29.7\                  15.9                54          \-\         \-          \< 32.2    0.27\       \-      0.73        6.9\        1.8         20.3
                                (N = 72)                                                     (N = 35)                                               (N=60)                             (N = 46)                        (N = 104)               
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^\*^Reference intervals are presented as 2.5th to 97.5th percentiles. The numbers below the lower or upper limits represent the respective 90% confidence intervals.

###### Reference intervals for sex hormones determined with the Immulite 2000XP system

![](alm-36-55-i002)

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                Follitropin (mU/mL)   Lutropin (mU/mL)   Estradiol (pg/mL)   Progesterone (ng/mL)   Prolactin (ng/mL)                                                                                                           
  ----------------------------- --------------------- ------------------ ------------------- ---------------------- ------------------- ----------- ----------- ----------- ----------- ----------- ------- ----------- ----------- ----------- ------------
  Present study                                                                                                                                                                                                                                 

   Male (N = 220)               3.49\                 1.23\              10.5\               3.54\                  1.56\               7.37\       10.2\       \-          \<47.2\     0.44\       \-      \<0.82\     6.22\       2.35\       15.7\
                                3.19-3.91             1.11-1.37          9.46-11.7           3.21-3.72              1.45-1.69           6.83-7.95   10.0-10.5               37.5-46.9   0.43-0.47           0.76-0.93   5.74-6.85   2.14-2.58   14.3-17.2

   Follicular phase (N = 139)   7.58\                 3.75\              14.2\               5.00\                  1.93\               9.40\       34.7\       \-          \<97.1\     0.46\               \<0.97\     12.7\       3.72\       42.1\
                                7.20-7.96             3.43-4.06          13.0-15.4           4.52-5.47              1.71-2.20           8.42-11.9   31.6-37.4               71.9-126    0.42-0.52           0.86-1.01   11.5-13.7   3.21-4.33   36.2-48.7

   Luteal phase (N = 87)        4.07\                 1.66\              9.59\               4.12\                  1.67\               9.65\       102\        31.9\       307\        8.01\       0.55\   17.5\       15.9\       4.65\       49.5\
                                3.40-4.71             1.46-1.88          8.26-11.1           3.40-4.72              1.47-1.90           8.32-11.1   87.1-114    26.7-39.0   260-361     6.78-8.74   -       -           13.6-17.1   3.61-6.12   38.4-63.12

   Postmenopausal (N = 103)     76.2\                 39.3\              159\                26.6\                  14.4\               53.8\       10.0\       \-          \<31.1\     0.1\        \-      \<0.41\     5.42\       2.18\       13.7\
                                70.7-83.7\            35.6-43.6          142-175             24.1-30.1              13.0-15.9           49.1-59.1   -                       27.4-35.5   -                   0.30-0.55   4.91-6.20   1.87-2.56   11.7-15.8

  Manufacturer specifications                                                                                                                                                                                                                   

   Male                         3.8\                  0.7                11.1                2.4\                   0.8                 7.6         29.7\       \-          \< 56.0     0.52\       0.27    0.90        6.2\        2.5         17.0
                                (N = 135)                                                    (N = 135)                                              (N = 50)                            (N = 63)                        (N = 19)                

   Follicular phase             6.2\                  2.8                11.3                4.6\                   1.1                 11.6        42\         \-          \< 160      0.47\       \-                                          
                                (N = 762)                                                    (N = 762)                                              (N = 702)                           (N = 382)                                               

   Luteal phase                 3.4\                  1.2                9.0                 4.3\                   \-                  14.7        93\         27.0        246         8.9\        0.27    9.4\        1.9         25          
                                (N = 602)                                                    (N = 658)                                              (N = 604)                           (N = 323)           (N = 115)                           

   Postmenopausal               90.5\                 21.7               153                 24.9\                  11.3                39.8        0           \-          \< 30       0.36\       \-                                          
                                (N = 76)                                                     (N = 75)                                                                                   (N = 34)                                                
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^\*^Reference intervals are presented as 2.5th to 97.5th percentiles. The numbers below the lower or upper limits represent the respective 90% confidence intervals.
